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 ABSTRACT
A mechanism is suggested whereby thermonuclear energy released in Big Bang
nucleosynthesis may lead to the formation of galaxies and large scale structure
within a very short time period. This would perturb Friedmann cosmology and
lead to a fractal Voronoi geometry. The true rate of expansion would be substan-
tially below the observed value of Hubble’s constant. The CMB would show near
flatness over the observed region. The model suggests a natural dynamical expla-
nation of galaxy rotation curves without recourse exotic physics. 
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In recent years there has been considerable interest in
whether the Earth may reside in an underdense region of the
universe, or void, as an alternative to Λ-CDM cosmology.
Modelling has shown that such a possibility cannot be
excluded (e.g., Clarkson & Regis 2011, Nadathur & Sarkar
2011, Biswas, Notari & Valkenburg 2010), but a realistic
mechanism breaking the symmetry described by the cosmo-
logical principle while preserving the homogeneity and
isotropy of initial conditions has been lacking. Likewise,
standard cosmology lacks a mechanism to explain observed
voids (e.g., Hunt & Sarkar, 2010).
The difficulty of accurately modelling the behaviour of
baryonic matter has been a fundamental problem for cosmol-
ogy. If we are not able to write down exact equations
describing known physical law and solve them numerically
in the conditions of the early universe, models can only be
qualitative at best. Since the results of modelling are qualita-
tive, it is also instructive to compare qualitative predictions
with observation. A qualitative treatment can promote gen-
eral understanding of the processes of structure formation
and hopefully suggest a guide to the types of numerical mod-
elling which can usefully be performed. 
Usually it is suggested that gravitational collapse is con-
sequent on quantum fluctuations or baryon acoustic
oscillations. It is a problem for a baryonic model that such
variations in initial conditions appear too small to instigate
gravitational collapse within a sensible timescale. This letter
will suggest that the release of nuclear energy during Big
Bang nucleosynthesis was such as to generate massive high
velocity flows. Colliding residual flows following Big Bang
nucleosynthesis will have generated fronts of high density
from which gravitational collapse could proceed within a
very short cosmological timescale. This letter will suggest
how structures seen at different distance scales may be rem-
nants of intense activity in the very early universe. 
2 Primordial conditions
In standard structure formation models, as the universe
expanded and cooled, random variations in density became
amplified by the effect of gravity. Gravitational attraction
drew matter from less dense regions towards regions of
greater density. If the initial mass distribution were perfectly
uniform, gravity at each point would cancel out and collapse
would not be possible. Random fluctuations in density,
described as baryon acoustic oscillations, have been thought
to have triggered the first stage of gravitational collapse.
Small fluctuations led to greater fluctuations. Quantum fluc-
tuations following the inflationary epoch have also been
suggested as the origin of gravitational instability. 
These suggestions overlook motions generated by the
release of energy in Big Bang nucleosynthesis, which domi-
nated over gravitational effects by many orders of
magnitude, as free protons and neutrons fused into helium.
The helium abundance shows that the release of thermonu-
clear energy during Big Bang nucleosynthesis was in the
order of 10 times greater than the total of all processes during
14 billion years since. If, due to an initial random fluctuation,
one region were slightly overdense then the rate of interac-
tion in that region would have been faster, causing expansion
and creating a flow away from that region. Another region
would become overdense where flows collide, creating an
explosive front. Each explosive front will have involved
more matter and generated greater flows, leading to escalat-
ing explosive forces in the each iteration of an essentially
chaotic cycle. 
If, as the universe expanded, interactions took place in
fronts, with relatively cool regions between the fronts, then
only a proportion of matter would have been interacting at
any one time. Big Bang nucleosynthesis will have continued
within fronts for longer than usually estimated, suggesting
also a lower rate of expansion. The high speeds of materials
ejected from thermonuclear emissions will then have
ensured substantial mixing, and restoring an overall picture
of homogeneity seen at decoupling in the cosmic back-
ground radiation. Although the distribution may appear
spacially homogeneous, it does not follow that dynamic
structure was uniform.
At the energies involved, the escalation of these flows
would have proceeded extremely rapidly, and would gener-
ate the beginnings of large scale structure. As the universe
expanded, the distances travelled by each flow increased, as
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did the size of each front where flows collide. In the absence
of accurate simulations modelling this chaotic behaviour, it
is not possible to give a precise estimate the eventual size of
the fronts. Modelling of the flows is complicated by a shock,
which itself increases the rate of interaction. The effect of
pressure from gamma radiation preceding the front must also
be considered, as this will directly affect the shock. 
The total thermonuclear energy released was equivalent
to kinetic energy of motion at 6% of the speed of light.
Actual speeds of flows would have been an order of magni-
tude smaller, but distance scales were increased by a factor
of expansion. Taking expansion into account, we cannot rule
out the possibility that effects originating in Big Bang
nucleosynthesis had led at decoupling to dynamical inhomo-
geneity at the scale of the observable universe. This raises
the possibility that the “axis of evil” seen in the WMAP and
Planck data is the signature a last exploding front. A front on
that scale would have literally blown all the matter in the uni-
verse apart. Then the majority of matter would be outside of
our horizon, and we would be in a relative void possibly tens
of billions of light years across. Since we can have no direct
means of detecting mass outside our horizon, it may never be
possible to determine the true mass content of the universe.
Even if the axis of evil is not involved, there is no immediate
way to specify a limit on the size of voids which will be cre-
ated in baryonic collapse.
The effect of extreme fluctuations in density and rate of
interaction during Big Bang nucleosynthesis on the calcula-
tion of the abundances of light elements is not obvious. It
would be interesting to consider whether the lithium deficit
might be accountable by variations in density and rate of
interaction caused by turbulence during Big Bang
nucleosynthesis. 
As gases cooled due to the expansion of the universe,
pressure would have damped out extreme flows and turbu-
lence quickly, but residual motions will continue for some
time. Collisions between gas flows will create regions of
high density, seeding collapse by the Jeans mechanism. If
this was the first stage of galaxy formation and the emer-
gence of large scale structure, the earliest structures and
population III stars will have formed in a time period in the
order of 10 million years after the Big Bang.
If initial structure formed along fronts between colliding
gas flows was dense enough to be gravitationally bound, it
will not have cooled with cosmological expansion. Gases the
intervening space will have cooled. Cooled atomic hydrogen
and helium will have been gravitationally drawn to primor-
dial structure, where it will have reionised on meeting the
wall, in consequence of the loss of kinetic energy gained as
it fell from less dense regions to regions of greater density.
Thus the energy for reionisation was essentially gravita-
tional, much as it is today in the warm-hot intergalactic
medium which remains ionised from the energy of infalling
gas.
3 Fractal Voronoi tessellation
In a universe in which structure formation is dominated
by baryonic matter, gas pressure resists collapse towards a
point. Zel'dovich predicted in 1970 that gravitational col-
lapse of gas tends to generate flattened walls. Further studies
have shown that the resultant structure forms a network of
cells, or voids, separated by flat walls (Einasto, Joeveer and
Saar 1980, Gurbatov, Saichev and Shandarin 1989), and that
matter ultimately congregates in filaments, where the walls
meet (Hoffman, Salpeter and Wasserman 1983, Bertschinger
1985). The resulting configuration can be likened to a
Voronoi tessellation defined by the perpendicular bisectors
of “seeds” (figure 1). Gaseous matter falls away from
regions of low density represented by the seeds. This mech-
anism is retained in the model considered here, but the walls,
or dense regions, are initially created by colliding gas flows,
which then seed further gravitational collapse.
Figure 1: In Voronoi tessellation, perpendicular bisectors are
drawn between “seed” points, to divide a domain into regions in
which each point is closer to the seed for that region than any other
seed.
Figure 2: Fractal Voronoi tessellation. Seeded by dense regions
resulting from colliding gas flows, gas from the big bang collapses
into walls. Since time for collapse depends on density, but not on
distance, it simultaneously breaks up into smaller walls, just as gas
clouds break up into stars. Under baryonic collapse a self-similar
cellular structure is expected to be repeated over a wide range of
distance scales. 
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The time period of the Jeans mechanism depends on den-
sity, but is independent of the size of the region of collapsing
gas. Consequently, collapse takes place on all distance
scales, creating large cells separated by large walls and
simultaneously dividing the large cells into smaller cells sep-
arated by smaller walls. We should thus expect a fractal
structure to emerge; each large cell is divided into smaller
regions, which are themselves further divided into smaller
cells (figure 2). The larger walls themselves contain smaller
walls, generating a layered structure within the walls. In
practice, we observe alignments on all scales from great
walls at distances of hundreds of megaparsecs, to the galactic
foam identified by de Lapparent, Geller and Huchra (1986),
to the local sheet containing the Council of Giants (McCall
2014) down to the alignments of old globular clusters in
planes through the Milky way (Lynden-Bell 1975,
Pawlowski, Pflamm-Altenburg and Kroupa 2012), Androm-
eda (Ibata, Lewis, Conn et al. 2013, Shaya and Tully 2013),
and Centaurus A (Tully et al., 2015). The satellites in these
structures are orbiting in the same direction, as one expects
if they are formed from gas motions in walls of the foam.
This does not mean that the structure should be in a stable
orbit about the galaxy, but reflects the motions of gases
within the wall from which the satellites were formed. 
On still larger distance scales, claimed observations of
large quasar groups, the giant GRB ring (Balázs et al. 2015)
and the Great GRB wall (Horvath, Hakkila & Bagoly 2014)
suggest that a pattern of inhomogeneity continues at least as
far as redshift 2. It is to be hoped that the next generations of
larger telescopes will enable us to confirm whether these
structures are indeed indicators of greater inhomogeneity at
greater distance scales.
As the dense fronts between different gas flows break up
under the Jeans mechanism into galaxies, galaxy groups with
similar motions were created on the fronts between different
flows, Such comoving groups are observed in practice and
do not arise naturally in hierarchical models. Clusters are
formed at the intersections of walls. Galaxy clusters contain
galaxies created by different flows, and which have been
drawn from the wall to the intersection. In keeping with
observation, high velocity dispersions are predicted, since
there is no significant damping mechanism on the motions of
galaxies, and no mechanism according to which galaxies in
clusters would be gravitationally bound. Clusters are
observed because, given scale of intergalactic distances, the
timescale for the dispersion of galaxies in a cluster is in the
order of the age of the universe, because the peculiar motions
of galaxies in a cluster are largely aligned with the walls, and
because as some galaxies leave a cluster others will join. 
4 Rotation curves
As observed in the Hubble Deep Field, early galaxies
were small. Simulations have shown that gas accretion was
the primary process of galactic growth even in models
seeded by dark matter (e.g., Keres et al. 2005, Benson &
Bower 2011). Direct evidence for gas accretion has been
observed (Lehner et al. 2013, Chrighton et al. 2013).
Because gas merges from all sides in a supercluster there is
little net overall rotation; we observe almost all elliptical gal-
axies in these regions. In contrast, smaller amounts of gas
left behind in the collapse are more likely to acquire angular
momentum. Rotating gas clouds in outer regions of clusters
form into spiral galaxies, such as the Milky Way. Rotation
was an important mechanism in the development of thin
discs and spiral structure after the original process of galaxy
formation, but, as shown by alignments in the galactic foam,
galactic planes were established from the collapse of gas
prior to the formation of galaxies themselves.
As described in a review by Sofue and Rubin (2001),
ignoring peculiarities such as lopsidedness, and small num-
bers of rotation curves for which velocities decrease
significantly at high galactic radius, typical rotation curves
for spiral galaxies have common characteristics. Atypical
features are not correlated with any other property, such as
morphology, luminosity, or local galaxy density. The rota-
tion curves for most luminous spirals follow a similar
pattern, rising to a steep peak close to the galactic centre, fol-
lowed by trough, and rising again to a broad maximum in the
disc before falling off gently in the outer region (figure 3).
The curves of small galaxies and low-surface brightness gal-
axies tend to rise throughout the range of measurements.
There are exceptions. In some galaxies the rate of rotation
declines rapidly in the outer region, sometimes declining
even faster than predicted by Newtonian gravity. The exist-
ence of exceptions may be at least as important as the general
pattern of rising curves, since it directly refutes any explana-
tion in terms of a universal gravitational law. In particular,
the existence of curves declining faster than the Newtonian
prediction refutes explanations both in terms of cold dark
matter and in terms of modified gravity.
Standard interpretations of galaxy rotation curves have
assumed a) that a galaxy can be treated in isolation, b) that
gas in the vicinity of a galaxy is in a state of dynamical equi-
librium with gravity, c) that gas is in near circular motion at
any distance from the galactic centre, and d) that the density
of gas declines with distance from the galactic centre. These
assumptions are not necessarily valid. Circular motion repre-
Figure 3: Rotation curves of spiral galaxies obtained by combining
CO data for the central regions, optical for discs, and H I for outer
disc and halo (figure from Sofue et al., 1999, ApJ, 523,136-146).
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sents an extremum of minimum energy, and should be
regarded as an unlikely state for systems on the scale of gal-
axies and greater, where there are neither the timescales nor
the damping processes to allow states of dynamical equilib-
rium to have evolved.
In the outer regions, cool gas is continuously accreted
from the intergalactic medium, which forms walls between
voids. Away from dense regions, where the intergalactic
medium is a warm-hot plasma, the intergalactic medium is
cool and difficult or impossible to detect. As it falls towards
a galaxy, and meets resistance from the gas already in the
galaxy, it begins to warm and we detect H I lines. Gas is
unlikely to fall radially into a galaxy from the wall. Motions
will have been imparted to gas within the wall by large scale
effects, starting from conditions following Big Bang nucleo-
synthesis and perturbed by gravitational effects and pressure.
Typically motions will have a rotational component. As
rotating gas falls into the gravitational well generated by a
galaxy, its transverse orbital velocity will naturally increase,
in consequence of conservation of angular momentum. We
should therefore expect to find gas in outer regions of galax-
ies rotating typically faster than circular motion, just as we
see in rotation curves. 
The rotation of a galaxy will have been determined by the
rotation of gas from which it is formed, and will be corre-
lated with current motion of surrounding gas. A substantial
proportion of rotation curves, around half, show abnormali-
ties, such as counter-rotation, lopsidedness, dips in rotation
velocity, and rapidly falling curves in the outer region.
Abnormalities cannot be explained using either modified
gravity or cold dark matter, but they can be expected to occur
frequently if rotation curves are affected by the behaviour of
infalling gas from the intergalactic medium. Variations in
rotation curves will arise naturally in consequence of
expected changes in the velocities of infalling gases since the
time of formation. We should conclude that galaxy rotation
curves do not offer evidence for exotic physics, but more
likely afford much more mundane (but, nonetheless, interest-
ing) insights into the dynamics of intergalactic gas and the
processes of galaxy evolution.
Thus, the outer part of a rotation curve does not describe
the kinematics of the galaxy itself, but shows instead the
motion of gas outside the galaxy. This gas is not in dynami-
cal equilibrium with the gravity of the galaxy, but is subject
to pressure from more infalling gas, attracted from the wall
in the interstellar medium by the gravity of the galaxy. Lower
mass galaxies have less gravitational effect on the flow of
surrounding gas. For this reason their apparent dark matter
content is greater. Thus, it appears that no issue of dark mat-
ter arises with rotation curves. The curves show the motion
of gas in the interstellar medium, and are determined mainly
by large scale, extragalactic, processes, not by dynamical
equilibrium with only the gravity of the galaxy itself. 
5 Violation of the cosmological principle
A “buckyball” geometry perturbs a Friedmann cosmol-
ogy, by concentrating mass in walls between cells (figure 4).
A realistic model will have a more random structure than that
shown. Space within each cell will be near flat, because
according to Newton’s shell theorem, which may be held
valid in approximation, the gravity of the walls will cancel
within a cell — the corollary is that matter falls away from
low density regions, rather being drawn toward dense cell
walls. To a first approximation we would not detect the grav-
ity of the largest walls. The apparent flatness of space found
from the spectrum of cosmic background radiation may
reflect the fact that space between the greatest walls is
expected to be near to flat, and because we only observe a
part of one face of a “buckyball” universe.
The position of the most massive walls can be taken as
approximately constant in comoving coordinates since they
are formed from material infalling from cells on both sides.
We can then write down a convenient form of metric of an
expanding inhomogeneous cosmology using the Stephani
metric, which makes use of comoving isotropic (or “confor-
mally flat”) coordinates (Bolejko, Célérier & Krasinski
2011). Isotropic coordinates have the properties that the
coordinate length of a small rigid rod is independent of the
orientation of the rod and that the speed of light is indepen-
Figure 4: The geometry of a space-like slice through the universe
at constant cosmic time may more closely resemble a buckyball
than a space of constant curvature. The cosmological principle is
obeyed in approximation on the scale of the universe as a whole,
but curvature is concentrated in massive walls resulting from colli-
sions in gas flows emanating from the Big Bang. Each face is tes-
sellated, but the bulk of curvature is in the most massive walls. A
realistic model would randomise the structure. The number of
faces is unknown. Open as well as closed models are possible. The
scale is such that the observable universe is contained within a sin-
gle face, explaining the apparent flatness found in the analysis of
the cosmic microwave background. 
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dent of direction. So, isotropic coordinates are physically
determined by local measurements using rigid scales or light
triangulation (the radar method). Then the expansion param-
eter is used to convert to comoving coordinates.
The Stephani metric can be written
, (5.1)
where k and κ depend on both time and position. a is the
expansion parameter, and can be assumed to satisfy Fried-
mann’s equation in approximation. k and κ describe the
gravitational perturbation. k describes the gravitational red-
shift of light from gravitating body and gravitational
potential in the weak field limit (or PPN formalism). In a
buckyball geometry, k describes potential troughs at the
position of massive walls, near stationary in comoving coor-
dinates and slowly increasing in depth as matter is accreted
into the walls.
The calculation of k and κ depends on using either numer-
ical solutions for Einstein’s equation, or the solution in a
neighbourhood (such as Schwarzschild). However, since k
depends on an arbitrary (and unknown) mass distribution
and variations in κ can be ignored in the weak field limit,
(5.1) can be simplified. We may usefully treat a single face
of a buckyball universe in the PPN formalism using
, (5.2)
In this approximation, k can be determined from the Newto-
nian potential (noting that k will depend upon a in comoving
coordinates). The result is that, in addition to recession
velocities due to expansion, galaxies accelerate away from
the centre of a void and towards the walls.
6 Lemaître’s constant
In void models we must distinguish between the local
value of Hubble’s constant, H0 ≈ 70 km/s/Mpc, describing
the observed rate of recession, and the underlying, or back-
ground value, describing the rate of expansion. For clarity I
will call this Lemaître’s constant, since it was Lemaître, not
Hubble, who identified the expansion of the universe. Thus
Lemaître’s parameter is 
. (6.1)
Lemaître’s constant, , is the current value of
Lemaître’s parameter, also called the background Hubble
constant. A closed no-Λ cosmology, with a little over critical
mass (assumed to be contained in great walls beyond the
horizon) and an age of 14 Gyrs has L0 ≈ 45 km/s/Mpc. This
agrees with estimates for no-Λ cosmology based on the
CMB by Biswas, Notari and Valkenburg (2010), and by
Moss, Zibin and Scott (2011), but it should be recognised
that those models were certainly oversimplified and did not
describe the majority of mass residing in great walls extend-
ing back to within about ten million of years from the Big
Bang.
Because a buckyball model places mass outside of the
horizon, in walls where its gravitational effect is largely not
detectable from within a cell, determination of Ω is almost
certainly impossible. A significant difference between H0
and L0 is predicted, as matter tends to accelerate away from
the centre of the void. As the difference depends on an
unknown mass density profile as well as unknown initial
conditions, one should not attach to it any fundamental
importance. Based on a difference of 25 km/s/Mpc between
H0 and L0, one finds, from the velocity of 627 km/s for the
local group relative to the CMB, that we would need to be
about 25 Mpc from the centre of the void, but with some con-
siderable uncertainty due to large expected peculiar
velocities.
There have been suggestions in the literature that this vio-
lates a Copernican principle, that there are no special places
in the universe. This is incorrect. The Copernican principle
allows variations due to the matter distribution. It is not vio-
lated by the fact that life is possible at the distance of the
Earth from the Sun, but not on the solar surface or on Nep-
tune. Similarly, the matter distribution generating a
buckyball model is essentially arbitrary. Walls and voids
form randomly, not at preferred positions. Life is not possi-
ble in superclusters and great walls because the temperatures
of the intergalactic medium and the intracluster medium are
too great. So, any observers must necessarily observe from
within a void. It is only possible to observe from one place.
Each place within a void allows only one value of the CMD
dipole, but this does not specify a preferred location because
no particular value of the CMD dipole is preferred.
7 Conclusion
A mechanism has been suggested such that Big Bang
nucleosynthesis would naturally lead to a universe with a
fractal Voronoi, or “buckyball” space geometry, correspond-
ing to observed structures at all distance scales. The
cosmological principle is obeyed in approximation on large
enough distance scales. Geometry can be described by per-
turbing Friedmann cosmology, with important implications
for the calculation of cosmological parameters from obser-
vational data. Much more detailed analysis is required before
placing reliance on any particular calculation. It is to be
expected that the current value of Hubble’s constant substan-
tially overestimates the true rate of expansion. The
calculation of a cosmological constant may simply be an
artefact of the acceleration of distant galaxies towards
regions of greater density in all directions. The model leads
to a dynamical explanation of galaxy rotation curves without
invoking exotic physics. 
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